MESOPOROUS-SnJCA ^^^Y^^f' 
POWDERS BY EVAPORATION 

This appUcation is a continuation-iB-partof U^S. ag^^ 
cation Sec. No. 08^53^73 filed Nov. 26, 1996. uow 

"""Sis invention was made wi«h ^o^c^ ^ 
mider Contract DE-AC0676RLO ^^^Z'^^^'m 
Department of Energy. Tbc Government has certam ngn« 
the invention. 

FIELD OF THE INVENTION 

The present invention relates g^^'^^^^XHi^re 
siUca Lteiial made by an «v»PJ«*^%'f^"fit^7^d 
spedflcally. the present invention ^^^T^a 
^wdets having mesoporous structure '^f^J^^i. 
^ecursor soh^tion by layer ^.^^ ^^^hST^e 
ing; drawing; and sptaymgrespectiv^y.^ " without 
te^ "siUca" means the presence of sihcon (M), wi 
precluding additional metals. 

BACKOROUND OF THE ItJVBOTION 

films. Mes<q)orous '^'^^^^'^ ^^and mi^o- 
cations in separations, thermal barriers a 
cnc^sulation for drug ddivety. ™aiis are 

Xon-si^d bubbles con^sed "^^^J.^tS 
commerdally available and 5f J^j^^o. 2.797.201 
reflective paint for ^^^y'^y/'^'tZl 1^ spheres 

for catalysis, and gas separatioa, 

supersaturated solutions it^jion processes in 

previous methods are t^^^^S^J^^ tht: surfactant 
which dissolved silica «»-Pf«^*^, ^ typicaUy 
nucelles to fonn a m«op^ous^2^«^^;5^^^ 

involve heating the ^^^^ ^methods is that 

hours to a weefc A «*^*f^?Sef tee and/or shape. Filtration. 

to about 168 hour to obtain prcapitatea powuci^. 
"HuT et 1 Chem. Mater, l.^.^;^!^;^;,^^^^ 

Tetraethoxysilane .<T^> . jbioride (CTAC) and 
solution of cctyltnmethyl 'l^^^"""^^^ basis was: TEOS 

1.0; CTAC 0.12. HQ 9^ ZL^^^^ precipitated and were 
f^r^rSi^STg^Sl'^Sn. a.significant 
5^(30^needed to obtain precipitation of 

particles from the solution P^^^f- ^71. 1267 

Tanev. P.X; ^rj^'tl' L^^^c^ vesicles in a 
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snSSa at ambient tempexature for 18 hours to obtain 
tcmplated lamellar product with vesicular morphology, 
denoted MSU-V. 
The method discussed by both Krcsge. C T.. et aL, Nature 

5 1992, 359, 710; and Beck. J. S., et al., 7. Am. Chenu Soc. 
1992, 114, 10834 involves a slow growth, or 
co-precipitation, of silica and surfactant micelles over a 
period of 4 hours to 144 hours (5 days). Beck, J. S.; Hellring, 
S. D.; VartuH, J. C Abstract # COIX-311, ACS National 

10 Meeting, April 13-17, San Francisco, Calif., 1997, fiirther 
indicate that 1700 m*/g is presently an upper linxit of surface 
area. 

Porous silica films have ^plications in catalysis, envi- 
ronmental remediation, energy storage, thermal barriers and 
energy storage. Porous silica films, in particular, are poten- 
tially useful as low dielectric constant ihtcrlaycrs in semi- 
conductor devices, as low dielectric constant coatings on 
fibers and other stractures, and in structured catalytic sup- 
ports. Porous silica filn^s produced by previous methods can 
20 be divided between random, gel-like siHca fihns, and 
suifactant-tcmplated films in which the pores are within a 
hexagonal lattice, with the characteristic pore diameter 
defined by the surfactant micelle. 

Previous work resulting in mesoporous membranes firom 
^ surfactant-templated powders and structures by in-situ 
solution-phase precipitation has been described in 
co-pending U.S. patent application Ser. No. 08/344330. 
In-situ solution-phase precipitation requires substantial time 
from about 4 hours to 1 week to form a mesoporous 
membrane or film. 

Hrubesh, L. W.; Poco, J. R, J. of Non-Oyst SoUds 1995, 
vol 188. p. 46 applied "aerogel- technology to produce 
high-porosity films with random porosity. In the aerogel 
synthesis route, a hydrolyzed silicon-alkoxide solution is 
^ metered onto a spinning substrate. To avoid drying, the 
sp innin g apparatus is in an atmosphere saturated with sol- 
vent vapor. The spinner is stopped with a brake, and the 
retained spinning solution gels within a few minutes. The 
gel-coated substrate is inamersed in solvent and subse- 
^ quently dried under supercritical conditions. 

Smith et aL (Smith, D. M.; Anderson, J.; Cho, C C; 
Gnade, B. E., Mat, Res, Soc. Symp. Proc, 1995, 371, 261, 
and Smith, D. M.; Anderson, J.; Cho, C C; Johnston, G. P.; 
45 Jeng, S. P., Mat. Res. Soc. Symp. Proc. 1995. 381. 261) 
applied **xeroger technology as an alternative to aerogels. 
Here, the spin-cast silica sol-gel film is aged, washed and 
solvent exchanged, silated with a trimethylchlorosilane solu- 
tion in heptane, and dried. In contrast to the aerogel process, 
5Q the film is dried at ambient pressure. The aging and diemical 
treatment minimizes pore shrinkage during drying and 
makes the film hydrophobic, but the film becomes hydro- 
philic on heat-treatment, unless done in a forming gas 
environment. 

55 Both techniques for spin-casting (1) aerogel and (2) 
xerogel films are complicated by die fact thait spinning must 
be performed in solvent-saturated atmospheres (requiring 
explosion proofing) to avoid premature drying of the film. 
In other work on mesoporous silica films, Ogawa (Ogawa. 

60 M., J. Am. Chenu Soc. 1994. 116, 7941) fabricated spin-cast 
silica-CTAB films, Ogawa used a CTAB/TMOS mole ratio 
of 0.40 in a solution that avoided gelation or precipitation 
and produced films that were lamellar, containing alternating 
layers of silica and bilayers of CTAB. and therefore not 

65 calcinablc; surfactant can not be removed without degrada- 
tion of the film structure. Accordingly, Ogawa did not 
calcine his silica films. . Although Ogawa noted that rapid 
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evaporation was essential for the formation 
ordScd. lamellar CTAB-silica composites, those composites 
would not be expected to be stable to calcination, and would 
also not contain useful pore structures. _ _„ _ 

Further woik by Ogawa (M. ^^'^'^^^J^^i^^S^- 
GEL ROUTE FOR THE P^^^^^^^J^^^^ 
SURFACTANT MESOSTRUCTURED l^^WALb. 
Chem. Commun.. 1996. 114^1130) was ;^ith a CTAO 
TMOS ratio of 0^. However, he used a f?bst«^on^n^ 
ratio of water to silica (TMOS) of 2 
water to siUca is 4). Ogawa's product, bcf«c «lci^o^ 
has the 100. 110 and 200 reflections in the ^J^^ 
coircsponding to a hexagonal structure. Howcv^ no mfM- 
mationisgivfn on calcined Mrns in wMch the surfarfa^^ 
been removed. It is inferred that Qgawa's product is unstable 
against caldnation. ^ 

Porous silica fibers, with ordered porosiQr in ^J^^ 
eter scale, have potential appUcations in "^y^'^^l 
mental remediation, thermal insulatton and f^?^ 
^rs- Nanoporous or mesoporous fibers using Ac P«^°V.^y 
^"ciibed ^1-gel methods and stable against calcination 

have not been reported. . j. ^ 

In the previous methods in the literature, there IS no Arert 

means for conttolling particle size or pore volume fraction 
in powder, films or fibers. 

Accordingly, there remains a need for mesoporous prod- 
ucts havinglJdl defined morphology on bo* ^jnome^« 
scale (1-20 nm) (solid siUca and pores) and the micrometer 
scale (0.1 jmi-100 M^) chara^dc «f 
mesoporous product), and a method for makmg ^^^^^ 
time Snd without the need for filtration. Where spm-«sUng 
is done, there remains a need for a s«ight-fonvard mej^ 
for producing mesoporous fllm(s) without supcrcnucal 
aging saation of the film(s). or controlled gas 
environments. 

SUMMARY OF THE INVENTION 
This invention pertains to the development of sorfactant- 
templated. nanometer-scale porosity of a ah«i Pr^«^ , 
Son and forming a mesoporous mat^ial by fi«t f <™g 
the silica precursor solution into a preform havmg a high 
surface ar^a to volume ratio, then rapid drying or_^ap<^^ 
ing a solvent from the silica precursor solution The meso- 
rxious material may be in any geometric form.^u is 
^eferaWy in the form of a film, fiber, powder or combina- 
tions thJeof. The rapid drying or evaporation of soWent 
from the solution is accomplished by ^n^^g » P^J™ 
any of Uycr thinning, for example spin casting; drawing, or 
spraying respectively. .... 

It is critical to the present invention that the sdica pr^ 
cursor solution avoid gelation or precipitation "» "Jer to 
p«nit fonnation of tiie mesoporous matenal by Wjatrng 
Kraporation of solvents). In a precipitaUon P«>ccss Ae 
compJtion of the mesoporous matenal is Bov^^fd W a 
jS>ning between the aqueous siUca preoiKC^ solution 
STsoUd phases. In the evaporative process of 
^vention. mesoporous material composrtion « duectiy 
related to the cornposition of the siUca precursor because all 
&e no^vS^components of the precursor solution 
(LSLy toeTflL. and the surf actant) arc incoiporated 
Se^iesoporous structure. Therefore. in_ tiie present 
SventiSe pore voUime per gram of silica cor^^^ble 
S varying the^actant to siUca precursor mole rauomtiie 

silica precursor solution. .. .,.„ 

Itisfurthercriticaltothepresentinvenuoaftattoe^^ 

precursor be an alkoxide siUca precursor, and tiiat the mole 
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ratio of an amount of a surfactant to the alkoxide silica 
precursor for tenaplating be great enough to avoid producing 
a dense, non-porous film yet low enough to avoid producing 
a lamellar structure that is not calcincable, or any other 
5 non-calcineable structure. Left t themselves, some aUcoxide 
silica precursor solutions will gel or precipitate over time if 
left alone from about 10 seconds to about 5 days or a week 
depending upon the solution. Thus, preforming nuist be 
done wittiin a time before gelation or precipitation occurs. 
Finally, the rate of evaporation is critical to the formation of 
the mesoporous product. The slower the evaporation, the 
less ordered the mtcsopores. Accordingly, it is preferred that 
the solvent be ev^orated or removed firom the ten^lated 
mesoporous structure in a time less than about 5 minutes, 
preferably less than about 1 minute, and most preferably less 
than about 10 seconds. 

Production of a film is by layer thinning, wherein a layer 
of the silica precursor solution is formed on a surface 
followed by removal of an amount of the silica precursor 
20 solution and leaving a geometrically thinner layer of the 
silica precursor solution from whidi the solvent quickly 
escapes via evaporation. Layer thinning may be by aiiy 
method including but not limited to squeegeeing and/or spin 
casting. Spin-cast mesoporous films are formed on the order 
2^ of a minute or even seconds. 

Advantages for the layer thinning method of the present 
O invention include (1) films are formed within a minute (apart 

sfi from time required for post-treatnaent and calcination), (2) 

^ no special atmospheres, pressures or supercritical drying 

11 3Q equipment are required as in the case of aerogel film 

^ fabrication, and (3) the porosity is ordered, and of a con- 

H trolled pore size rather than a random, gd-like structure in 

'kB the case of aerogels and xerogeis; the volume fraction of 

ffh porosity and the structural order within the film are control- 

S 35 lable by the siUca to surfactant content or mole ratio. Further 

"^^ advantages are realized from thinning with a spin-coater, 

H which is standard cquq)ment in the microelectronics indus- 

Q try. Advantages of using a spin-coater include (1) films have 

uniform interference colors, indicating uniform film thick- 
^ 40 nesses (2) film thicknesses are repeatable from sample to 

san^le (for example ±0.006 ^m for a 0.56 pm thick filmu or 
a 1% variation) and controllable by varying the ethanol and 
water dilution and the spinning speed, and (3) the spin- 
casting technique docs not require the use of large solution 
45 batches in which only a small fraction of the solution is used 
for film growth, as in the case of tiie earlier film growth 
technique for whidi the solution is depleted with film 
growth and must either be replaced or somehow regenerated. 
In the intcrfacial growth technique, bulk solutions of silicate 
50 and surfactant are used. 

In powder formation by spray drying, fee same conditions 
of fast drying exists as in spin-casting (as well as in fiber 
spinning) because of the high surface-area to volume ratio of 
the producL When a powder is produced by liquid spraying, 
55 the particles or micro-bubbles within the powder arc hoUow 
spheres with walls composed of mesoporous silica. 

The volume within the interior of tfie mesoporous micro- 
bubble is undesirable for some ^Ucations including cata- 
lytic processes in which coking occurs. In these cases, the 
60 micro-bubbles may be broken by crushing or grinding. 
Mesoporous silica powders impregnated with catalyticaUy 
active metals have applications in catalysis. The pore size, 
-25-40 A, allows access of large molecules to catalysis 
sites. The high surface area of the powders aUows high 
65 catalytic activity. The surface area of mesoporous powders 
was determined to be -900 m^/g by nitrogen absorption. The 
powders may be pressed or mixed with binders and extruded 
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to produce pellets, tubes <>-i-:^^,^^Z^Z!^t^y 

catalyst supports.Thus, the parUde sae ^^f^^Jy^ 

S Jntr JforaparticularappU^uon^^^^ ^ 

bubble walls are P«P°«=^i?;,f^Lf fSesdble. Con- 
micro-encapsuladon is P°s«?i!: ^blelo lows passage 
taining a drug within the '^'=^^}'^l^^gJdcThc 
throul. the stomach wouW^«™^y 
drug is released through Aeporoiw waus lymers, 

tract. Materials, including *bble ^ ^ 

adsorbed to either the outside ^J^^^^^Z^ of the 
pores can acts as pH-sensiUve gates for the reieas 

^^llcapsulatiouniaybedonev^e^na^^^^^^ 

nuy be pennanently caged «^«^£''"^igion, or sur- 
. tfie pores with silane treatment, sihca prcc5>«aii 

factant absorption. similar silica 

Mesoporous fiber fori««tion ^^t^Ztdns a 
preeurs^ solution but wth an into a &in 

gtuitous mixture. THe pituitous '""^ J^^^J the meso- 
Lind from which solvent is ey,!P*»^?l^*'^°Vimpreg- 

^us fiber(s). ^?^T"^'fZ^<^^P^'^-' ^ 
Sated with catalyticaUy achve me^fiff^ 

structured catalytic P^^^g-.I^* fusion distance from 
order of 10 to 100 pm, minimizes *|^°Ps*^ace of the 
the bulk to the catalylic ''f^" °'\f/fi'^veV Ae advan- 
silica, -me hi^ *d JJSli reactive areas, 

tages of l^thre^^P^^'i^SStaWtor modules. 
The fibers may be wo«°t= . by rapid drying with 

Hollow mesoporous fi^'^/^'^SSl intoTmo<hSe to form 
heated gas (e.g^ m^e bu^^^^^ 

I'fKt^^S^^y outward, through the meso- 
hoUow fiber and dinuseiauwi*/ leactor is 

porous wall, past «talyhcally a^ve ^s^^^ 
^cially useful for reacuons ^^f^f^^^^^.g. partial 
g^d tenq)eniture control are J^aioi>s 
Ldation). The ^-^"f^J^^^ WgTsurface 
occur along the length <>f.''°"°^JJ^^^.T^c surface 
area of the fibers 

wavelength is reduced, limiUng conuuu 

within the fiber. :^„^„tinn to orovidc a method 

volume rauos. invention to provide a 

^^od Ml"-^-- — ^ ^ -^-"^ 

pointed out and ^^y^^^^ organization and 

of this speaficabon. advantages and 

n^od of ope«''°'*-J°f by reference to the 

objects thereof. ^y b^^«nd<^^^b^^^ ^^^^ 

SSSn^S^^^S^-*^---^-^""^ 
dements. .^m.rr-c 
BRIEF DESCRimON OF THE DRAWINGS 
FIG 1 shows XRD patterns f^ F^calcined (A) andpost 
calcined CB) mesoporous ^^f^f^ precaldned (soUd 
iS%r»^^ares> mesopor«.s 

"^if-^**^; ™,*=XRD primary reflection peakheight for 
the''^;itn:droSlKS and post calcined (open 
squares) mesoporous siUca films. 
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FIG. 4 shows the volume fraction (open drdes) and index 
of refraction (solid squares) for the calcined mesoporous 
silica films. 

FIG. 5 shows (A) the PXRD pattern for the evaporated 
5 silica precursor solution and (B) the XRD pattern for the 
mesoporous silica film. 

FIG. 6 is a XDS of the mesoporous silica powder particle. 

FIG. 7 shows PXRD patterns for precaldned and post 
calcined mesoporous silica powden 

FIG. 8 is a PXRD pattern for the precaldned mesoporous 
silica fiber. 

FIG. 9 shows PXRD patterns for precaldned (A) and post 
calcined (B) mesoporous silica fiber. 
15 FIG. 10 shows PXRD patterns of mesoporous silica fibers 
where trace A is air-dried fibers and trace B is calcined 
fibers. 

FIG. 11 shows nitrogen adsorption/dcsorption curves for 
the mesoporous fibers. 
^ FIG. 12 shows pore-size distribution of the mesoporous 
fibers. 

FIG. 13 shows pore volume fraction and the surface area 
of calcined spray-dried powders as a function of the surfac- 
25 tant to silica mole ratio. 

FIG. 14 shows nitrogen adsorption/dcsorption curves for 
the mesoporous powder with CTAC/TEOS ratio of 0^8; 

FIG. 15 shows pore-size distribution of the mesoporous 
powder with CTAC/TEOS ratio of 0.28. 
^° FIG. 16 shows PXRD patterns of calcined spray-dried 
powders for different surfactant to silica mole ratios. 

FIG. 17a shows Al-NMR data of mesoporous 
aluminosilicates, Al:Si mole ratio of 0.25 prior to caldna- 
25 tion. 

FIG. 17b shows Al-NMR data of mesoporous 
aluminosilicates, Al:Si mole ratio of 0.031 after calcination, 

FIG. 17c shows Al-NMR data of mesoporous 
aluminosilicates. Al:Si mole ratio of 0.063 prior to caldna- 
40 tion. 

FIG. 17d shows Al-NMR data of mesoporous 
aluminosilicates, Al:Si mole ratio of 0.063 after calcination. 

FIG. 18 shows PXRD patterns of as-synthesized spray- 
dried powders for different aluminum to silica mole ratios. 

FIG. 19 shows PXRD patterns of calcined spray-dried 
powders for different aluminum to silica mole ratios. 

FIG. 20 shows XRD patterns for precaldned (A) and post 
calcined (B) mesoporous silica film spun using precursor 
50 solution #56483-2. 

FIG. 21 shows XRD patterns for precaldned (A) and post 
calcined (B) mesoporous silica film spun using precursor 
solution #56483-5. 

DESCRIPnON OF THE PREFERRED 
EMBODIMENT(S) 

The method of the present invention relies upon a silica 
precursor mixed with a surfactant in an aqueous solution for 
tcmplating the silica precursor together with a catalyst (add) 

60 for hydrolysis of the silica precursor; The silica precursor is 
then made into a preform that has a high surface area to 
volume ratio and the aqueous solution quiddy evaporated to 
form the mesoporous materiaL The evaporative process for 
mesoporous material has the following steps: (1) the silica 

65 precursor in aqueous solvent is formed into a preform of 
high surface area to vdume ratio (by spinning, drawing, 
atomizing) and (2) the solvent is quickly evaporated, leaving 
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mesoporous sflica in a simflar shape (film. fib«. spba^. 
m^^ace area Is necessary for fast ^vapcxaUon of ^e 
solvent. A third step of heating may be used « "^^^^^ 
residual solvent and to further condense s^il^f;^^^^ 
by calcining which further removes any residual surfartant. 

The evaporation is fait in comparison to pr^apita^on. 
WiA U,r^ rform having a high surface area to volume^^^ 
and with heated air, solvent is rapicUy «vap<«ated 
preform. Mesoporous materials are fanned ^^f^^^^l 
^utes. preferably less than one '^^l^.^^^T^ 
particle may be formed in less than one (^^^i^-^J^ 
S minmes of spray drying. «v=al ?«ms of I»wcte«e 
produced. Dry powders arc formed toecfly m the spray 
dryer and no filtration step is required. 

in spray drying, the precursor ^oIm^'^ '^^'^^^'^ 
fine drSetsXvent -aporation bj^d^a 
mesoporous siUca. In spraying. ^"l^^l^J^^Zfyiae the 
mes<iorous particle size, is controlled ^ '^^Z, 
rheolSc-1 Foperties of the sol^oMthKmg 
solvent dilution or ad^onrfpoft^c^^n^^^ ^^^^ 

changing spray conditions (py tne use ui 
eeometiies and varying solution pressure). 
?Tie siUca precu^or may be an alkoxide silica precursor 

S a]ko«de. Additional metalCs) may be m^^^ 

2u^ a^d may 4art a negative charge to the mesopo- 
reus silica structure. . ^^^^^ 

A preferred surfactant contains an f^'^^'^^ 
rifter^ quaternary ammomum cation, for example cctyll- 
eimer a quaiciuoij " /nrA.r\ or a tertiary ammo- 

rimethylammomum chlonde (CTACJ. <^fj" ' _ 

KRW >lKjri cmm » . ^rfiteporcduiiiatr 

•"^^X^id^ „«hod Of v«,i.8 I'sLftS 
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about 0.15. the pores are weU c^dered. However.^ 
ratios, above 0.24. spedficaUy from about 0.26 to 0^8. 
Sgh pore volume fraction and high specific surfa*:* area 
(eS ir70 mVg). surprisingly higher than reported in the 



m the present invention, the mole ratio of 
precursor is preferably greater than or equal to a stoi^^ 
Metric ratio. More preferably the «d l.Tsu^erlS 
nrecursor is about 7. Use of stoichiometric or super sw- 
10 K^a^ountsofv^aterisbeUevedtoh^^veAe 

hexagonal structure of the product upon caUanation. 

control of the morphology on the .^:.^t«s^e - 
uniuue to the evaporative process. In spin * ° . 

^ute^^flooded ^th the precursor solutionis "c^^ 
IS to hieh rpm. Excess solution flows off dunng SP»"^- 
«S fSn film of the solution which forms a soUd 
l^^™.7film bv evaporative conccntraUon. Films may 

^%a^bytoM«l^ add i» « 6JI«=*«»- 

EXAMPLE 1 

evc^ oration. 
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rneT>recalcincd mesoporous silica film P°^,*'^L 
with aimonia vapors which improved the stf^^^.*^ 
pore structure after calcination. A few drops of f"^*^ 
^droxide were put in a closed petri dish «=?'»tainiiig toe ^ 
coated silicon wafen The spin coated wafer was ammonia 
treated for about 15 minutes. 

The spin coated silicon wafer was removed &om me 
ammonii treamient then heated to 105° C. for s^votI 
to complete drying of the solvent and increase condensation 
of the siUca-FinaUy. the dried spin coated siUcon wafer was j 

calcined at 550* C for 5-10 minutes. 

The mesoporous silica film was characterized by X-ray 
diflfraction and ellipsometry. HG. 1 shows XRD patterns of 
the fihn before calcination A and after calcination B for a 
CTACyrEOS mole ratio of 0.12. The i^OO) md am : 
reflections are apparent. TTie absence of the (110) reflection 
suggests orientaUon of the c-aris parallel »*> the substtate 
(s&con wafer) surface. Tlie increase in the peak hcighte of 
the reflections after calcination B was believed toresult from 
the increased differences in scattering density between tne 
siUca walls and ttie pores after the surfactant was burnt out 
The peak width (the full width at half maximuin) of the 
(100) reflection was nearly constant with calana^n. mdi- 
catiM the stobility of die mesoporous structure. Jhe jwaK 
height was also a qualitative indicator of a weU-ordered film 
structure. The d-spadng of the first diflBraction line for the 
hexagonal structure is 33 A after calcination. Consohdahon 
of the silica with calcination caused a 3 A contraction m toe 
(100) reflection. Calcined mesoporous siUca films having 
» d-spadng less than 40 A have not been achieved pnor to the 

t present invention (see FIG. 2). Preferably toe d-spaang js 

SJ tess toan 39 A more preferably less than 38 A, and most 

M preferably less than 37 A 

FIG. 2 shows toe d-spacing of toe pnmary X-ray 
S reflection, before and after calcination, as a function of toe 

r: CTACyrEOS mole ratio. No reflections exist for toe film 

ffi witoout surfactant Wito an increasing mole ratio up to 0.15. 

5 toe d-spacing of toe un-calcined film monotomcally 

n decreases down to 36 A Above a ratio of 0.15. toe d-spacmg 

rT abruptly increases to 39-41 A and is roughly constant at 

r higher surfactant concentrations. The peak height of toe 

H priniary reflection, which is a qualitative indicator of struc- 

M= hxaX ordered, is shown in FIG. 3. In toe mole ratio range 

h between 0.1 and 0.15 a maximum existed, demonstt^g 

S: that order was iii5>rovcd by optimizing toe CTACyTEOb 

^ nude ratio. Hie pores were in a weU-ordered hexagonal 

lattice. In toemole ratio range of >0to 0.21. toe porosity was 
toermally stable; toe peak height eitoer increased or 
remained constant after calcination. For ratios -0.24 and 
above, toe peak height for toe un-caldned film was large. 
However, toe films had a cloudy appearance and would not 
be suitable for many applications. The drop m toe peak 
height and toe increase in toe peak widto (not shown) after 
cal^don indicate poor toeimal stabiUty. ITierefore the 
desired CTAC/TEOS mole.ratio range is less than 0.24. 

Atthough toe pores were hcxagonally ordered wittan a 
nairow composition range, within a broader range toe ^ms 
were toermaUy stable and toe porosity may be fine-tuned by 
adjusting toe CTACTTEOS ratio. HG. 4 shows toe volume 
of SiUca. determined by ellq.sometry. of ralcmcd fihns as a 
fiinction of toe CTACyTEOS mole ratio. The sokd curve is 
toe expected volume fraction based on toe volume contn- 
butioi^ of toe SiUca and toe surfactant and toe v^mne 
shrinkage indicated by shifts in toe positions of toe X-ray 
reflections after calcination. The correspondence of the 
S^fv^to toe data demonstrates toat toe same CTAastoca 

mole ratio existed in toe fihn as in toe spin-casting solution. 
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Poriftnes up to -64 vol %(-36% siUca) w«fi?=*^*^fc 

infilmspreparedwithaCTACyrEOSratioof0.20. 

HG. 4 also shows the index of refraction at a 500 nm 

wavelength of calcined films as a function of y VJ^^ 
5 TCOSi.ren»tio.Tl.eindexofrefractiongivesanmd^c^on 

of the dielectric constant because the square of the "Plexor 
refraction is the dielectric constant at high frX^SetecSc 
data shows the index of refraction (an* J*f *^f;^^^ 
constant) is tunable by varying the CTAOTEOS m^e 

10 The index of refraction values range fr°"»*f ^^.^i^* t^toe 
tol.l6.EUipsometrywasperfonnedinunedutcly^owmg 

heat treatment at 450' C For the ^t^kh^ 
index of refraction increased less than 1% over one week in 
ambient air. 

15 Caldncdmms were diaractcfizedby X-ray photoekrtron 

spectroscopy with an^yzed vd^^"^*^ JpA- 
aooroximately 1x1 mm^ m area and 20 to 40 a m uq» 
Im^o^^ygen and a small amount of advcntmous caAon 
we Wentffied. Within the resolution of the eT"P=»f»^,^f 
20 Sie nor nitrogen were found, demonstrating tha cak:i- 
SLTyi^ rel^vely pure sflica 
from odier chemicals used in the process. ^of^^^^P^J 
optical microscopy of films deposited on S^V^^^mS 
and aiter calcination, did not reveal Uquid <^f^^^ 
« optiS anisotropy. Atomic force mictoscopy of *e^ 
JLous film (not shown for brevity) revealed a surfs^e 
Khology dominated by undulations -1 vm m diamctex 
^iS^rims -0.1 pm^m widdu Height var^o^ were 
within 60 nm. The film was continuous and not the result ol 
3° the d^osition of pte-odsting particles. 

EXAMPLE 2 

An experiment was conducted to demonstrate that quick 
3S drying was ii«9)ortant to the film structure. 

^conwaferswerepre-treatedinthemannerdcscnbedm 

' ^■S'lUaprecursorsoh.tionhadmcAeratioso^^ 
wat« 7.1: eihanol 5.4: HO ai: TEOS 1.0; and CTAC 0.11. 

*° Soin castings were performed in the manner desmbedm 
E^Sirrihe renting siUca precursor soUiUon was 
^van^aied bv natural convection in an open gUss bottte. 
S^SccSeS wafer and the evaporated dUca precur^r 
xne spm treated with ammonia v^ors. The 

soStioT^e heated to 105' C. for several hours. ^ 

•n.e mesoporous silica film and the o^^d ^ 
precursor solution were characterized by J 
^!»rthe XRD pattern for the mesoporous material iilm and 
Sr^^ttcS for the evaporated silica precursor solu- 
tion^ S^us siUca film has a strong 
rrftecdon Tqu^tative indicator of structural order. The 
It^S'd SiUca precursor solution has only a broad peakof 
vb^ S iSS?r and thus exhibits poor pore ordering. 
" Sse^S demonstrate that siUca 

IJS^ted by natural convection do not yield ordered 
mesoporous silica. 

EXAMPLES 



60 



65 



An ^raoiment was conducted to demonstrate making 
powder. The silica precursor soluuon 
^^^Xw^the foUowing composition by mass: 
Sos Sbg: water 26.264 g: 38 wt % hydrochlonc^^^ 
inuo ^^-^^ %^ « ina-ii a TEOS deionized water and 
'^i%irL?ctSJ^^l!^^^o.., by ajlition of 
S.C.%^yiiniuiscible.TEOS combines With waterm 
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iHVesence of the surfactant aliowing the hydro.^^ 
reacuon to occur. The solution became hot upon mixing 
from the cxothennic hydrolysis; the sample bottle was 
cooled under ru nnin g water. 

In Example 1, cthanol was used to dilute the precursor 
solution for spin casting. However, in the spray-diying 
fffoccss, potential explosion or flammability hazards from 
either added flammable solvents or the ethanol reaction 
by-product must be minimized Hence, no ethanol dilution 
was used because of &e potential hazards. Instead of 
ethanol, water was used for dilution, hydrolysis, and solvent 
for the surfactant 

The precursor solution was spray-dried in a Buchi-190 
Mini Spray Dryer operating with an inlet air temperature of 
174* C, an outlet temperature of 76** C a pump speed 
setting of "5,** a heat setting of "13," an airflow setting of 
300 and a gate valve setting between V4 and *A The precursor 
solution was pumped through a water-cooled nozzle into a 
flow of heated air and down the length of a -30 cm drying 
tube. The solvent in the droplets of the spray quickly 
evaporate, leaving behind the nonvolatile material in the 
particulates which are collected at the bottom of a venturi 
separator. It takes on the order of a second for material to 
pass through the spray nozzle and be collected. 

The powder was heated at lOS*" C. for -2 h, followed by 
calcination at 600** C. for -30 min. The absence of ammonia 
treatment for this powder demonstrates that anmionia is not 
required for producing a calcineable material. After 
calcination, the powder lost 40,6% of its mass« compared 
with a theoretical mass loss of 40.9% based on the precursor ' 
solution composition (assuming silicon exists in the form of 
Si02 and each surfactant molecule has a chloride counter- 
ion). The dose agreement between the experimental and 
theoretical values supports the assertion that in the rapid 
drying process, the mesoporous solid composition is directly 
determined by the solution con^x^sition, and all of the 
nonvolatile species are incorporated into the solid 

Scanning electron micrographs of the spray-dried meso- 
porous silica after calcination showed that the particles were 
in the form of hollow spheres or shells with diameters 
ranging from approximately 4 to 40 ]im (micron). 
Potentially, hollow spheres may range in size from about 1 
pm to about 300 pm. The wide range of particle size was 
probably due to non-uniform atomization from the spray 
nozzle. The hoUow nature of the particles was evident by the 
fraction of collapsed particles which have the appearance of 
deflated balls. From flie width of the folds in the collapsed 
particles, the thickness of the particle bubble shell was 
estimated to be less than 0.5 pm. Electron dispersive X-ray 
analysis conflrmed the caldned particle micro-bubbles were 
composed only of silicon and oxygen (see FIG. 6). 

A surfactant-silica solution has been spray dried into a 
powder. X-ray diffraction data of calcined powder clearly 
showed the existence of mesoporosity by a low-angle pri- 
mary peak corresponding to a d-spacing of -31 A. 

FIG. 7 shows powder X-ray diffraction (PXRD) patterns 
in the low-angle range of the powder sample prior to and 
after calcination. The primary peak, cocresponding to a 
d-spacing of 34 A, prior to calcination indicates the average 
spacing between reflection planes. After calcination, the 
primary peak corresponds to a d-spacing of 31 A due to 
shrinkage. The existence of the primary peak after calcina- 
tion demonstrates that the pores are stable with calcination. 
The intensity of the reflections was higher after calcination 
which is probably a result in part of the increase in the 
scattering density contrast after surfactant burnout 
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PXRD pattern of the powj 




calcination? 




second peak of low Intensity at^i40; cocresponding to a 
d-spacing -of 173 A, is apparent The (110) and the (200) 
reflections were not clearly resolved. 



An e:q)erinient was conducted to demonstrate mesopo- 
rous silica fibers, PQly(^yleneoxide) (PEO) with a MW of 
5x10*^ was mixed with 18 MQ. deionized water to fonn a 3.7 

1° wt % stock solution and was allowed to dissolve overnight 
The pituitous mixture was prepared with the following 
composition by mass: TEOS 8.02 g; water 3.60 g; 38 wt % 
hydrochloric acid 039 g; CTAC 1.71 g , and 3.7 wt % PEO 
solution 1.26 g. TEOS, deionized water and HQ were first 

15 combined together, followed by CTAC. The solution 
became warm upon mixing from the exothermic hydrolysis; 
the san5)le bottle was cooled under running watex. The PEO 
solution was then added to modify the rheology of the 
silica/CTAC solution to allow drawing of fibers. 

^ Fibers were drawn onto a spindle with four wooden 
dowels. The dowels were covered with parafihnP*, on which 
fiber san^les were collected. The spindle was driven either 
by hand or by an electric hand drill attached by the drill 
chuck to the end of the metal rod. A thin, stream of solution, 

^ was drawn up from the solution with a pipet tip, and wound 
onto the spindle. The rotating spindle served to collect, pull 
and rapidly dry the fibers. After drawing, fibers were peeled 
away from the dowels and collected in a crucible. 

The fibers were ammonia treated for -Ih by dripping a 
few drops of anunonium hydroxide solution onto a tissue 
t£^ed to underside of a cover and placing the cover over the 
crucible containing the fiber sample. The ammonia vapoir 
raises the pH in the fibers, and increases condensadon of the 
silica and in^roves stability of the porous silica structure 
during subsequent high-temperature calcination. The fibers 
were placed in an oven at 105 to 180** C for several hours, 
followed by heat treatment at 600* C. for -1 h. The fiilly 
calcined fibers were white, presumably due to opacity aris- 
ing fix)m large defects incorporated during the hand-drawing 

^ procedure. The mass loss after calcination was 55% com- 
pared with an expected value of 57% calculated based on the 
amount of SiOj, CIAC, and polymer that would be obtained 
from the pituitous mixture. 

43 The diameter of the fibers varied from 5 to 100 jun with 
a range of 35 to 60 pm being more typical. Fibers with 
smaller diameter of —10-30 jmi are desirable because of 
better bending endurance and weavability. SmaU diameters 
are easily achieved with state-of-the-art fiber drawing 
(extrusion) equipnoent. 

Fibers were ground with a mortar and pestle and charac- 
terized by powder X-ray dififraction (PXRD). FIG. 8 shows 
the PXRD pattern of fibers prior to calcination along with 
the .pattern for the as received PEO. The broad amorphous 

55 peak centered at a 29 value of 21** corresponds to silica. As 
received PEO is crystalline. However, no crystalline peaks 
are observed, indicating the polymer is dispersed within the 
fiber materiaL 

FIG, 9 shows Ae PXRD patterns in the low angle range 
60 of the fiber sanq}le prior and after calcination. The primary 
peak at 23**, corresponding to a d-spacing of 38 A, prior to 
calcination indicates the average spacing between reflection 
planes. After calcination the primary peak shifts to 2.8^ (32 
A) due to shrinkage. The existence of the primary peak after 
65 calcination demonstrates the pores are stable with calcina- 
tion. The intensity of flie reflections is higher after calcina- 
tion which is probably a result of the increase in the 
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scattexing density contrast after surfactant and polymer 
burnout A siimlar intensity increase after calcination was 
observed for the mesopofous films described in Example 1. 

A second peak at low intensity at 3.9*', corresponding to 
a d-spacing of 23 A, (4.4* or 20 A after calcination). The 
(110) and (200) reflections are not clearly resolved similar to 
tile mesoporous powder XRD pattern from example 3. The 
pore ordering in the fibers is improved by varying the 
dAC/TEOS mole ratio and by drawing smaller diameter 
fibers. 

TEM photos confirm a well ordered mesoporous structure 
within the fibers. Cross-polarized optical microscopy of the 
calcined fibers revealed liquid crystaUine-likB optical anisot- . 
ropy. 

EXAMPLES 

An experiment was performed to demonstrate incorpara- 
tion of aluminum into the mesoporous silica film. 

Silicon wafers were pre-treated in the manner described in 
Example 1. 

The aluminosilicate precursor solutions had mole ratios of 
deionizcd water 7J; ethanol 5.3; HQ 0.09; CTAC 0.14; 
TEOS 1.0, The mole ratio of aliimi'nnm nitrate (A1(N03)3 
9H20) to TEOS mole ratio was varied between 0.035 to 
0,25. The solutions were prepared by combining deionized 
water, e&anol, hydrochloric acid, CTAC and aluminum 
nitrate together, followed by the addition of TEOS. 

Spin castings were performed in fee manner described in 
Example 1. 

The spin coated wafers were not post treated with ammo- 
nia vapors. 

The spin coated wafers were heated and calcined in the 
manner described in Exanq>le 1. 

The calcined mesoporous aluminosilicate films were char- 
acterized by XRD in a 2-theta range of 1-10**. XRD results 
for the primary reflections are summarized in Table E6-1.- 
With increasing AlA^OS mole ratio, the d-spadng of the 
primary reflection decreased. The calcined mesoporous alu- 
minosilicate film with a Al/TEOS mole ratio of 0.064 had 
the greatest primary reflection peak intensity. However, an 
Al/TEOS mole ratio of 0.064 should not be considered an 
optimum value for a well-ordered film structure because the 
pore ordering is also dependent on the surfactant content in 
the aluminosilicate precursor solutions. The dependence of 
die pore ordering on the CTAC/TEOS mole ratio was 
demonstrated in Example 1 for mesoporous silica films 
without aluminuHL In the XRD patterns of the calcined 
mesoporous aluminosilicate films with Al/TEOS mde ratios 
of 0.035. 0.064 and 0.13, reflections of low intensity were 
observed at half the d-spacing of die primary reflection. 



TABLE E6-1 



iniD results fbr the urimarv reflections 


Al/TEOS mole ratio 


d-Spacing/A 


Peak iDtensity/cps 


OJ03S 


■ 33 


2800 




30 


9700 


0.13 


27 


6400 


0.25 


25 


1700 



To identify possible crystalline phases distinct from the 
amorphous pore waUs, the calcined mesoporous alumino- 
silicate film with an Al/TEOS mole ratio of 0.25 was 
characterized by XRD in a 2-theta range of 5-30° using a 
slow scan rate (0.04''/75 s). A wider 2-theta range was not 
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used because of the strong reflections from the silicon wafer 
substrate above 30**. A low intensity peak with a d-spacing 
of 4.02 A was observed. The only possible matching refer- 
ence data for the Si— Al— O— H system was for cristoboUte 
5 <Si02). Therefore, the XRD pattern did not show a separate 
aluminumroxide crystalline phase. 

The calcined mescporous aluminosilicate film with a 
TEOS/Al mole ratio of 0^ was diaracteiized by SEM. The 
calcined mesoporous aluminosilicate fihn was homoge- 
10 neous; no crystal gains were observed. A small amount of 
surface roughness was observed which had the sanoe appca^ 
ance of the AFM image discussed in Example 1. EDS 
characterization of the calcined mesoporous aluminosilicate 
film showed the presents of aluminum. The EDS character- 
13 ization was not quantitative because of significant penetra- 
tion of the electron beam through the calcined mesoporous 
aluminosilicate film and into the silicon wafer substrate. 

EXAMPLE6 

20 Dry-Spun Mesoporous Fibers 

An experiment was conducted to demonstrate making 
wcU-ordered mesoporous fibers by the method of the present 
invention. 

The spinning solution was farmed by combining deion- 
^ ized water, hydrochloric add (Mallinckrodt), 5x10 MW 
poMethylene oxide) (PEO) (Polysdenccs) from a 4 wt % 
aqueous stock solution, ethanol (punctiUous, Quantum 
Qiemicals), foUowed by TEOS (Aldrich). Hie soluUonw^ 
,^ mixed to promote the hydrolysis reaction Fin^y. CTAC 
was added to obtain final mole ratios of: 7.0 H^O, 0X)50 
HQ, 0.10 PEO (repeat unit). 4.0 ethanol, 1.0 TEOS, 0.24 
CTAC A thin strand of die pituitous solution was drawn 
from a pipette tip, and wound at a rate of 300 m/mm onto a 
_ spool consisting of six dowels. I%ers were mr dried at 105 
C. overnight, and calcined by heating at 350° (:. for 1 h and 
600° C. for 3 h. 

Samples were analyzed by powder X-ray dif&action using 
a Philms diffractomctcr with Cu Ka radiation. Pore^izc 
^ distributions and BET surface areas were determined from 
nitrogen adsorption/dcsorption isotherms with the Quan- 
Uchromc Autosorb 6-B.gas sorption system, usmg the BJH 
and multi-point BET methods, respectively. 

Mesoporous fibers were dry spun by drawing the prccur- 
45 sor solution into continuous filaments and coUectmg on a 
spool. Fibers crossing on the spool during spinning tend to 
. fuse together, creating a gauze-like product at the end of 
spinning which was cut away in sections from between the 
dowels. The as-spun fibers were pliable and prcssable mto 
5o pellets or rolled into tubes. With drying and caicmation the 
fibers become brittle. Low ten^erature oven drying pro- 
motes condensation between siUca oligomers and mcxeases 
calcination stabiUty of the silica phase. During calcination, 
siUca undergoes further condensation; surf actant and poly- 
53 mer arc removed, leaving the porous structure The ma« 
loss of 59% after calcination compared to a value of 57% 
calculated from the spinning solution con^sition, assum- 
ing the dried fibers contain SiO,, PEO, and surfactant with 
cWoride bridging-ions (for the powders, mass losses were 
^ within 1% of the calculated values). The excess loss was 
attributed to incomplete drying/silica condensation pnor to 
calcination. 

A scanning electron niicrograph of these calcined fibers 
showed fiber diameters are on the order of 40 jim and were 
65 varied by modifying solution con^sition and spmning 
conditions. The distribution of fiber diameters was due to die 
hand spinning tedinique presently used; more uniformfibers 
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are achievable with state-of-the-art 

i,cr cross sections typicaUy h^d \kidney-shape. ^awc^ 
istic of dry-spun fibers where "S^^'^.^S^^J^I^al 
air-fiber interface and comparauvdy f £"^^„d the 
rates through the fiber caused the skin «> f^Pf^f 
soft cores. Self-assembly of silica suifec^occ 
first at the air-fiber interface. foUowcdby FO^«^^ 
version of the entire fiber to a "^.^,^J= ^^^^on of 
mesoporous products ^^^^^^^ffiL are 
preexisting mcsoporous part»«^«- ._t„aiiv gel 
Sear. typicaUy s^ble for y^^^^^^rsSe^ of 

rather than fonn P^rtides.^ m the aod-route syn 
Huo et ai. Chem. Mater. 1994. 6. 1176-llVl. 

Powder X^y diftaction (PX^) Pjto^s of*« 
and caldned fibers are shown in f^- ^ hoagonal 
(200). and (210) r^J^ J^^^f^ Se dSS^bers. 
Structure arc visible in the fakx/ pAuwu * . ^he 
^ough only the first .'fSS^^^tty 
caldned fibers. The increase 'S-P^'fif^'^^to the greater 
tion (note ^o^'^.^^'^'^^J't^ J^iX^yab^c^ 
scattering density «'"«f*^^^^^^T^e increase is not 
after surfactant and polymer remoyaL ^ ^le 

due to enhancement of pore oid^B" T^^^Sase 
loss of the (^m^a^onMoiie^JV^^ 
of the (100) reflection. ^J^'^^^ ^f^^^g k on 

J^^^rn.15^'iLTcS^Sc^^^^^^^^ 

jave a s^-c .ea o^ 110^1 m /g^«^^a^O Aj«r^ 

the total surface area " J^^P^^^js' ^thin the reso- 
desorption isotherms showed nohgercs^ 

cnsSct'Sl ffi^^pl^^ IS * is presLably dis- 
unconstnctco. inc nyuiupt*^ J„ctniHne XRD ocaks are 
persedwifliin the silica g« (-^S^'^e'ars to be 
observed in the dnedfib«s)^How^ . ^ 

no residual porosity f^^^^^Tof a mic^pi^ 
adsorption dau ^"""^Z VZ^<^siV, was 54%, 
SrS.e si vT%^S calc-lated 

phases, after takingjnto account tne v 

"^""l ''Lf thfS.^ SJie°°£^<£n in mesoporous 
previously that ti^^ volume ^^^q^ n»ole 

,„ aried and calcined fibers all showed bfre- 
Thc as-spun. ^^J^^^^^ an optical microscope, 
togencebetweena^^o^mmm ^ axis.maxi- 

Consistenl with Pf/.^^^d wil the fiber 45' to the 
mum Ught «^s"^'''*^",^^«tinction occurs when par- 
polarizers and nearly "^^^fj^ "JS- TVansmission elec- 

Sel and P«P«'^^^J^,o^'S^S showed pore aUgn- 
tron necroscopy rf^aotonKse^^ 

mcnt over a l«g*f^!^tfmSchni^^ the absolute pore 
of difficuiuesm them^tomc^ ^ ^ 

orientation with respeci lu 

established. 

EXAMPLE? 

SP«y-I>ri«^^«Xco"nrrd" demonstrate making 
.rJSI«oprorp^::ders of ^gh surface areas by 
the method of the present invenuon. 
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The soray-drying solution was fonncd by combining 
deionized water. HQ, CTAC, followed by TEOS to obt^n 
final mole rados of: 10.0 H:,0, 0.050 HCL 0.12 to 0.28 
CTAC 1.0 TEOS. The solution was mixed to promote me 
5 hydrolysis where the surfactant acts as a emulsifying agent 
to coniinc the aqueous and aikoxide phase. In the solution 
fonnulation, water rather than alcohol dilution is used to 
avoid possible explosion hazards. Solutions were spray- 
dried in a Buchi 190 Mini Spray Dryer operating with an 
outlet tco^eraturc of 120** C Powders were collected under 
a. cyclone and calcined under the same conditions as me 
fibers. ' , , 

Sanqiies were analyzed by powder X-ray diffraction and 
by nitrogen sorption as described in Exanq>le 7 above. 
15 In spray drying the particle morphology was dependent on 
the precursor solution composition and drying condiUons. 
The surfactant to siUca mole ratio was varied between 0.12 
and 0.28. SEM analysis showed particle morphology was 
^r imilnr to that of the hoUow spheres (see Example 3), except 
20 the walls had coUa?)sed during drying. Depending on me 
spray drying conditions, a range of particle morphologies 
were possible firom soUd spherical partidcs to collapse 
particles to hollow particles. 

Pare volume firaction and the surface area as a function of 
25 surfactant concentration are shown in FIG. 13..The pore-size 
distribution plots for the highest surfactant ratio san^le arc 
shown in FIGS. 14,15, respectively. A multi-pomt BET, 
adsorption/desorption analysis was consistent with me pore 
size analysis. A maximum pore volume fraction of 63% (37 
30 vol % siUca) and a surface area up to 1770 m /g was 
achieved at me highest surfactant concentration. Nitrogen 
adsorption/desorption curves had no hysterisis and indicate 
a constant pore size of 25 A for all surfactant concentrations. 
In me PXRD patterns for me as-synmesized powders m this 
35 series, me (100), (110), (200) and (210) reflections corre- 
sponding to a hexagonal array were evident. After calana- 
tion me (210) reflections were absent (see FIO. lOJ. 
Interestingly, me d,oo values were relatively constant with 
surfactant concentration (-38 A as synmcsized and -32 A 
40 after calcination). 

EXAMPLES 
Spray-Dried Mcsoporous Powders 
Aluminum was incorporated into me spray dried powders 
45 by me addition of aluminum chloride to me precursor 

solutions. . ^. . X 

Aluminum chloride (hexa-hydrated form, Fischer) was 
combinedwimd.Lwater,hydroddoricaad^^ 
bv CTAC in me foUowing mole raUos 113 H20yTE0b^. lU 

50 HOA^os; 0.106 crrAa(Aia3+TEOS); me Aia3n^os 

Tatios were 0.00. 0.031, 0.063, 0.125 and 0.25. SoluUons 
were spray-dried in a Buchi 190 Mini Spray Dryer oper^g 
wim an outiet temperature of 120<» C Powdcn were dried 
overnight at 105*» C. and calcined in air at 350 C. for one 
55 hour and 600** C for 1.5 h. 

For an aluminum to silica mole ratio of 0J25 (HG. 17a), 
me aluminum in me synmesized powders was a mixture of 
tetrahedral (framework) and octahedral Octahedral alumi- 
num would not impart a negative charge to me aluinmosiU- 
60 cate For an aluminum to silica mole ratio of 0.063. the 
aluminum in me as-synmesized powders was predommately 
framework, as determined by ^Al-NMR (see FIG 17c)^ 
However, me framework substituuon was not stable with 
calcination (see FIG. V7d). For an aluminum to silica mole 
65 ratio of 0.03L me aluminum in me ^<^ed P°^^^, 
roughly two-tiiirds tetrahedral (framework) and one-third m 
an octahedral coordination (see FIG. V7b), 
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aluminum addiUoa ^^^1^^^, -me d-spacing of 

the primary ^^^^d^ T^oie 8-1. Thp^^^^ 

aftei calcinatioiu is sununanzea m additton of 

an i^^^ t^r^e'^^S^^ ^^,^g 
aluminum cBoride salt. Tlie <^ ^^^^ color 

lie ratios of ^i^^ and 0.^h^^^^^ 3 ^ue to 

tan) indicating ^^^^P^^'^^Sning calcined powders 
limited pore accessibility. Tnc rcuu^e, 
were white. 



TABLE ^1 



0.063 
X125 
0.250 



36. A 
34. A 
34. A 

34. A 

35. A 



3X A 

30. A 
29. A 
29. A 

31. A 



Sample No. J^ Si woUr^ d>oo 
56314.U2A 

56314-U2B 0*0^^ 
56314-lUC 
56314-112D 



56314-112E 

A mesoporous fiber s"PP.°^^ jSnof the mcsoporpus 

Sica fibers with a rho^rn ^) including ,nietoanol 
iTa eood catalyst '^^^,.3.^011 and fuel combus- 
^cUosition. w^l-JS. by wdghu A 

Hon The loading mq vrt % assay, m mtric 

sXtion of *°.f«^,^,«"i^S»TL water in a volumetnc 
acid. Engelhard) was ^^^^fj^^j reached. A mass of 2.07 
cylinder unta the 1.5 «^,?i^^^as used in the catalyst 
? or the niesoporous «lica f b^J^ ^^^^^ ^nd the 
loading. The mesoporous .^^^^S^P ^ 
SSnOn) nitrate ^'^^'>^,^Z^\. mesoporous 
Aodium (ffl) at 100' C. in a vacuum 

fibis. the fibers ^f?,^^ *V50» C for at least one 
^Sught.foUow^by^a^t.o«^^0^ ^Uicafib^ 
hour Prior to catalyst (reduced to metallic 

J:ned*odiumcatalystv,«^aJ.v^Jy^^^^ ,0^ 

Sodium) with a "^f ^ 8f c for at least one hour. 
heUum (by vohime) at 120 <u ^ supported 

Pibers with 5 wt % ^^'^X to hydrogen and carbon 
,^^to convert n«*»fj^e wi 29.5 vol % and the 
^nowde. The amount °* '^^X^ a=»«"°* of rhodium/ 
^unt of air was 70 Sj^ '^^^^^ used. Residence 
Ser supported «a*aly5* ^"-"^VTreaction was carried out 
STe wi^ °^-^='=°!ff,^t*60^ 445- C On day 1. 
«naratdy at two temperatures tcmpera- 
S^^ted -^^cS^^nr^Sutted to c«ol c.^- 
tures. The s"PI«^l^Se s^ported catalyst showed no 

catalyst (0.442 cm ). ^ ^^s was 50 miUi- 

The residence time „n at 400'> C Ag^u^ 

seconds. ^} r^"^ 

&e supported catalyst v^F ^^^^,„d day. 

loss of activity was o*'^** °^pUcaied. the reason for it 
Because .he faaurej-f^t'gson for the subsequent 

was not determined, nor was 

success determined. 
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EXAMPLE 10 
ASperiment was performed to demonslrate the coaltog 
of meS^ siUca onto glass cover sUps. The precir^r 
iSns were modified from Example 1 by r^^B *^ 
3 amount of addby half.lTic calcmauon tenqjerature was also 

lowaed to 450" C , 

Microscope-sUde-cover-sUpe substrates C22^2 
0 13to 0.16 mm thick) were soaked in a soluuon ois^^c 
Nochromix (Godax Labs) and wxA dexoa- 

10 izcdwater: The precursor solutions were pr^edma30 m 

glass bottle, nie bottle was rinsed and dned ^ mnwe 
particulates. Reagents were "y mass uang d^s^lc 
Lnsfa pipettes. Spin-coating precursor solutions 
?Sd 5 combining cetyltrimethylaimuomum <±U,ndc 
13 fcTAC) (T.Ci America), deionizcd wat«. etnanoi 
gJ^SuoL; Quantum Chemicals) hydrocUonc^^«d 
(MaUinckrodtY and tetraethyi °rthosiUcate JTEOS) 
(Aldrich). nie surfactant, water, ethanol and aod w^ 
^mSd tog«^ther to aUow the surfactant to con^^tdV ^ 
20 ^ve before TEOS was added. Mass amoun^ of eaA 
reaeent in the preparation are shown m Tables E-lOa ana 
'^\Ktwo ^e formulations I^^he second tomu- 
Sion (# 56483-5). the amount of ethanol was reduced 
api^ximately by half. 
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Fbimulattm # 56483-2 






Mass/g 


Molar Ratio 


CIAC 


0.825 
2^ 


0.11 
7j02 


water 
ethanol 
faydrochloric 
acid (38 wt %) 
TEOS 


5^01 
0.122 

4.901 


5j07 
OJDS 

IjOO 



TABUE E-lOb 



40 Pomulati "" # 56483-3 — 

Molar R.ao 

CtZc 0.831 0.U 



. 2 713 ^ 

AS . 0148 OJ06 



a:ia(38wt%) ^jj^ 
TEOS 

TFOS hydrolysis (indicated by Ae exo&eimic 
.rea^fn)^?lEs were'aged for 1 h prior to^aUng^ 
J5ii«.lnecies within the precursor soluaons would be 
Sfto^^ge S aging. Though these hayc not be 

" '^tblSel wSooded with spin-co^g solutio^ 
r^^.™ 5M0 rom with a Specialty Coating Systein Model 
P 2S SngTe^Limimi acceleration setting (spm-up 
J2^U) T^^^ca^c silica condensation, coated substrates 
*^ ;'.,«^dhrcxDOsing films to the vapors from drops 

f^^^rSowedheating at 105° C. oyemight in air and 
15 nun foUowea nea s ^^^^ ^^^^ 

lltT%^sJ. Place^d in .he box furnace prior to 

« •'tt^^"S^nGS.2«and21).*ea^0O)^^^^^ 
(2S) Sons are apparent The absence of the (110) 
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